Introduction
Reinforced concrete (RC) frames with Un-Reinforced Masonry Infill panels (Masonry infills) are one of the most famous and most utilized types of construction throughout the world. The major reason for this apart from ease of construction and economy is the fact that masonry infill provides excellent insulation and isolation from climatic forces such as heat, sun, wind, rains, extreme cold etc. Moreover they have a very good fire resistance too. The masonry infills are invariably constructed after the basic framework of beams, columns and slabs have gained sufficient strength. As a result, the bond of masonry infill with the RC framework is negligible at sides and top surface of the wall. Therefore, they are classified as non-structural elements and the structures are analyzed and designed by considering them only as dead mass, while neglecting any kind of structural interaction of such panels. This assumption of neglecting the effects of masonry infill is reasonable and justifiable for the structure under gravity loads. However, the same is not true for the structures with masonry infills when subjected to lateral loads, especially seismic loads. Under seismic loads, the stiffness additions due to masonry infills modify the behavior of structure significantly by altering its frequency. Many National and International Standards have recommended different empirical formulations to tackle the above problem, dividing it into two parts (i) Bare framed structure and (ii) Framed structures with masonry infills. They do not give due consideration to the location and percentage of infills in the structure. Extensive researches have been carried out worldwide in the last five decades. Many methods have been developed for the dynamic analysis of RC frames with masonry infills incorporating one or more simplifying assumptions regarding its stiffness. This research is one such attempt to address the above-mentioned issues by means of an experimental program on RC frames with different Combinations of masonry infills. In addition, FE analysis is performed by modeling the masonry infills as (a) plate elements and (b) equivalent diagonal strut.
This research program is conducted at Adhiyamaan College of Engineering Hosur, Tamilnadu and Earthquake Engineering and Vibration Research Centre (EVRC), Central Power Research Institute (CPRI), Bengaluru. Two numbers of 3D RC frames having two bay and three storey and six numbers of 2D RC frames of one and two bays having one, two and three storeys are cast and tested with a number of configurations of masonry infill. The RC frames are designed as per Bureau of Indian Standards codes, IS 456-2000, "Plain and Reinforced Concrete-code of practice", IS1893-2002, "Criteria for earthquake resistant design of structures" and detailed as per IS 13920-1993, "Ductile Detailing of Reinforced Concrete Structures Subjected to Seismic Forces". A tri-axial shake table of size 3m x 3m with six degrees of freedom is used to conduct tests on the RC frames to evaluate their stiffness characteristics.
Masonry infills have a very high initial in-plane lateral stiffness and low deformability. Therefore, under seismic loads, the whole lateral force transfer mechanism of the structure (Figure 1 .1) changes from a predominant frame action to predominant truss action. The change of frame mechanism to truss mechanism leads to a two-fold action. One, which in general is beneficial, it leads to reduction in bending moments and increase in axial forces in the frame members; and two, which is more severe, changes the natural frequency of the system significantly due to large stiffness addition which is generally not traded off completely by increase in mass due to walls. Paulay & Priestley (1992) caution that although masonry infill may increase the overall lateral load capacity, it can result in altering structural response and attracting forces to different or undesired part of structure with asymmetric arrangement. This means that masonry infill may cause structural deficiencies.
Therefore, while analyzing the structures with masonry infill under seismic loads, due consideration must be given to the effect of infills on the frame response, otherwise, the results may be very erroneous. However, most of the designs are performed either by performing analysis of bare framed structures, without giving any due consideration to infills, or by following the empirical formulation suggested by various national and international standards for evaluation of natural frequency for framed structures with masonry infill. However, both the above-mentioned methods are not the best one for performing the analysis and design. The first method that is not giving any consideration to the masonry infill stiffness is definitely not correct as it always predicts the frequency at the lower side of actual frequency. The second method, that is considering the empirical relations recommended by standards, gives good results in some particular cases, but more often than not, they also give results away from reality. This is because, the codal formulations generally do not give due considerations to the percentage and locations of masonry infills in framed structure.
The RC structures can have various kinds of configurations of masonry infills (Figure 1 .2). The amount and location of infills greatly affect the natural frequency of the structural system. As discussed in literature review, many researchers have performed various tests and proposed various methodologies for performing analysis. However, still most of the engineers are not encouraged to use the analytical procedures proposed. It is well-understood that considering the masonry infills just as dead mass is grossly incorrect since it always over predicts the time period of structure due to no consideration of its stiffness. This generally under predicts the forces attracted by the structure, thus making the structures unsafe. Although, to avoid such ambiguities, and to make lives of designers simpler, various standards recommend certain expressions to empirically evaluate the time period of the structures. However, these expressions do not give due considerations to the amount and location for the infills. Most of the codes provide expressions which incorporate only height and width of the structure as variables. Few other codes recommend more detailed formulations giving due considerations to the walls in first storey only. The argument in support of giving consideration to only first storey walls is that the amount of infill panels in the first storey greatly influences, while those in the upper stories simply adds to the total mass of frames, and its contribution to the overall stiffness is considerably smaller (Kaushik, et al. 2006 ). It is true that the contribution of the first storey walls towards the overall stiffness is the greatest but, as shown later, it is incorrect to consider the walls beyond upper storeys just as dead mass. In this research work, the effect of location and amount of masonry infills in RC framed structure is investigated. It is found that the effect of stiffness gradually reduces and the effect of mass gradually increases as we go towards the upper stories.
II. Objective And Scope Of The Work
The main objectives of this research are • To verify the adequacy of the codal formulations and numerical methods available in literature for evaluating the dynamic characteristics of RC frames with different patterns of masonry infills.
• Simple formulation for estimating the Natural Frequency of RC frames considering the location and amount of masonry infill in the structure.
•
Response evaluation of 2D and 3D RC frames with masonry infills under dynamic loading. A two phased experimental program is devised. In the first phase, shake table experiments are performed on six numbers of 2D RC frames varying from one-bay one-storey to two-bay three-storeys. Masonry infills are constructed and tests are performed with various locations of infill. This is done to study the effect of position and amount of infill in the structure and also for validation of the numerical model. In the second phase, two numbers of 3D RC framed structures with slabs and different arrangements of masonry infill are tested on shake table. These results are compared with results obtained from numerical model and also with the national and international codal formulations.
III. Literature Review
A large number of reinforced concrete and steel buildings are constructed with masonry infills. Masonry infills are often used to fill the void between the vertical and horizontal members of the building frames with the assumption that these infills will not take part in resisting any kind of load either axial or lateral; hence its significance in the analysis of frame is generally neglected. Moreover, non-availability of realistic and simple analytical models of infill and the complexity they introduce to analysis, generally keep them unaccounted. In fact an infill wall considerably enhances the strength and rigidity of the structure. It has been recognized that frames with infills have more strength and rigidity as compared to the bare frames and their ignorance has become the cause of failure of the many of the multi-storied buildings. Extensive researches are being carried out worldwide in the last five decades and many methods have been developed for the dynamic analysis of RC frames with infill panels incorporating one or more simplifying assumptions regarding its stiffness.
Extensive literature survey on the effect of masonry infills on reinforced concrete structures are presented in this chapter. This includes the analytical modeling, national and international codal provisions and experimental investigation carried out on various types of structures with and without infills. The first significant published research on infilled RC frames subjected to racking load was by Polyakov (1956). In order to determine the racking strength of infilled frames, Polyakov performed a number of large-scale tests on square and rectangular frames. Parameters investigated included the effects of the type of masonry units, mortar mixes, admixtures, methods of load application (monotonic or cyclic), and the effect of openings and test results provided ample testimony that a relatively weak Infill can contribute significantly to the stiffness and strength of an otherwise flexible frame.Smith (1966) investigated theoretically and experimentally the behaviour of diagonally loaded square infill frames and adapted the results to study the behavior of laterally loaded single and multi storey infilled frames. Frame and infill separated upon loading and stiffness response of the infill was influenced by the way in which the load was transferred from frame to infill. Diagonal cracking and compression failure were two observed modes of failure. The lengths of the contact between the frame and infill " "was represented approximately by, in which l = a non-dimensional parameter expressing the relative stiffness of frame and infill, Em, t and l = the young"s modulus, thickness and length of side of the infill respectively and Ef, If and lf = the young"s modulus, second moment of area and length of side of the frame respectively.
Smith and Carter (1969) studied the behaviour of the multi-storey infill frames for lateral loading developing a design method based on an equivalent strut concept to predict the lateral stiffness of the composite frame. They experimentally showed that the diagonal stiffness and strength of the infilling panel depends not only on its dimensions and physical properties but also on its length of contact with the surrounding frame. The contact length, "αh", can be related with the relative stiffness of the infill to frame by the approximate equation where, λh is an empirical parameter expressing the relative stiffness of the frame to the infill and is given by, where; Em = Modulus of elasticity of masonry infill t = Thickness of masonry infill h = Height of masonry infill Ec = Young"s modulus of the column Ic = Moment of inertia of the column θ = Slope of the infill diagonal to the horizontal This empirical parameter is related with only the column stiffness and it is propounded that whatever the beam stiffness is, beam contact length is always approximately half of its span.
Paulay and Priestley (1992) mentioned that at low levels of in-plane lateral force, the frame and infill panel act in a fully composite fashion, as a structural wall with boundary elements. As lateral deformations increase, the behavior becomes more complex as a result of the frame attempting to deform in flexural mode while the panel attempts to deform in a shear mode, as shown in Figure 3 .1(a) and (b). The result is separation between frame and panel at the corners on the tension diagonal, and the development of a diagonal compression strut on the compression diagonal. Contact between frame and panel occurs for a length "z", shown in Figure 3 .1 (a). After separation, the effective width of the diagonal strut, "w", shown in Figure 3 .1(a), is less than that of the full panel. Natural-period calculations should be based on the structural stiffness after separation occurs. This may be found by considering the structure as an equivalent diagonally braced frame, where the diagonal compression strut is connected by pins to the frames corners. Figure 3 .1(b) shows the equivalent system for a two-bay, four-story frame. Analytical expressions have been developed based on a beam-on-elastic-foundation analogy modified by experimental results which show that the effective width "w" of the diagonal strut depends on the relative stiffness of frame and panel, the stress-strain curves of the materials, and the load level. However, since a high value of "w" will result in a stiffer structure, and therefore potentially higher seismic response, it is reasonable to take a conservatively high value of "w" assuming typical masonry infill properties and a lateral force level of 50% of the ultimate capacity of the infilled frame. w 0.25 d ---(3.5) Where, d is the diagonal length of masonry infill. Hendry (1998) suggested that although the analysis of infilled frame structures has been attempted using the theory of elasticity and by finite element analyses, the approximate solution would be appropriate due to the uncertain boundary conditions between the brickwork and the frame. Most of the approximations were based on the concept of equivalent diagonal strut, which was originally proposed by Polyakov (1960) and subsequently developed by other investigators. He modified the formulation proposed by Smith and carter (1969) for calculation of effective width of the equivalent diagonal strut by introducing a parameter for contact length of beam member of the infilled frame "α L " along with the parameter for contact length in the case of column of the infilled frame "α h " as shown in studied a 3-story RC frame structure with different amount of masonry infill walls to investigate the affect of infill walls on earthquake response of these type of structures. The diagonal strut approach was adopted for modeling masonry infill walls. Pushover curves were obtained for the structures using nonlinear analysis option of commercial software SAP2000 and the effects of irregular configuration of masonry infill wall on the performance of the structure were studied. The width of equivalent diagonal compression strut used in the analysis was based on FEMA 273 (1997) formula. The results of the study show that structural infill walls have very important effects on structural behavior under earthquake effects. Structural capacity under earthquake effect, displacement and relative story displacement were affected by the structural irregularities. The behavior of the structure with infilled walls can be predicted by means of simplified diagonal models.
IV.
Design And Construction Of Rc Frames
INTRODUCTION
The response of the structure under dynamic loading depends on the characteristics of the structure such as natural frequencies, damping and mode shapes. The objective of this study is to develop a simple and effective method for the determination of natural frequencies of RC frames with infill. It is proposed to construct 2D RC frames and experimentally determine the natural frequencies using the shake table tests. This result will be used to validate the mathematical model developed. The dimensions of the 2D RC frames are finalised considering the available experimental facility.
DESCRIPTION OF TEST SPECIMENS
Six numbers of 2D RC frames of one and two bays having one, two and three storeys are cast. The RC frames are designed as per Bureau of Indian Standards codes, IS 456-2000, "Plain and Reinforced Concrete-code of practice", IS 1893-2002 (Part 1), "Criteria for earthquake resistant design of structures" and detailed as per IS 13920-1993, "Ductile detailing of Reinforced Concrete structures subjected to seismic forces". The concrete grade is M25 and both mild steel (MS) and Tor steel are used for reinforcement. Commercially available bricks are used for construction of masonry infill.
DESIGN
The RC frames comprises of footings, columns, beams and slabs. Analysis of the frames is done using STAAD Pro software. Dead load, imposed load, wind load and earthquake load are considered for analysis.Load Cases considered in the design of RC frames are, 
STEPS INVOLVED IN CONSTRUCTION OF RC FRAMES
A rigid base frame of 3 m x 3 m is fabricated using ISMC 250 channels and MS sheet of 12 mm thick. The RC frames are constructed on this base frame. Holes of 20mm diameter are drilled over the surface of plate and inserts are provided similar to the spacing in the shake table.
Formwork
To construct concrete frames of required dimensions, the waterproof plywood sheet of 12 mm thick is used for preparing formwork. The inner surface of the wooden frame is greased / oiled to prevent the concrete mix from sticking on to the frame during removal of the wooden frame after casting.
Footings
Isolated footing with 600 mm x 600 mm cross-section with a depth of 200 mm is provided for each column as shown in the Figures 4.1 (a) & (b) . Four holes of 25 mm diameter are provided in each footing so that the RC frames can be directly mounted on the shake table. Reinforcement of 6 mm MS bars at 75 mm c/c spacing are provided in both the directions in two layers one at the top and other at the bottom as the footings are expected to withstand both down thrust and uplift during testing.
Figure4.1 (a) & (b): Casting of Footings

Concreting
The concrete mix for M25 grade is prepared using ordinary portland cement, fine sand and crushed gravel (<10mm) as per mix design from IS 10262-1982 "Recommended Guidelines for Concrete Mix Design" shown in Table 4 .1 with the ratio of 1:1.35:2.02 and water-cement ratio of 0.45. Cement, sand and stone aggregate are measured individually using weighing balance and mixed thoroughly to obtain consistent mix. Conveying of concrete mix is done with due care to avoid segregation. As per IS: 516-1959, "Methods of tests for strength of concrete", three representative samples of 100 100 100 mm size cubes are cast and tested at each stage for checking the strength of the concrete as shown in 
Beams
Columns
The overall dimensions of the columns of 2D RC frames are of size 75mmx100 mm. The reinforcement details are given below Hinge support.
Slabs
The thickness of slab is 50mm. The reinforcement of 6mm MS bars at 100 mm c/c in both directions in two layers, one at the top and other at the bottom of the slab are Provided as shown in Figure 4 .3 as reversal of stresses are expected to occur during shake table testing. 
V. Equivalent Diagonal Strut
The presence of infill affects the distribution of lateral loads in the framed structure because of the increase of stiffness. The study of interaction of infill with frames has been attempted by using rigorous analysis like finite element analysis or theory of elasticity. But due to uncertainty and complexity in defining the interface conditions between infill and the frames, many approximate methods are being developed. One of the most common and popular approximations is, replacing the masonry infill by equivalent diagonal strut whose thickness is equal to the thickness of the masonry infill. The main problem in this approach is to find the effective width of the equivalent diagonal strut. Many researchers have suggested different method to find the width of equivalent diagonal strut. The width of strut depends on the length of contact between the wall and the columns, 'αh', and between the wall and beams,'αL' as shown in Figure 5 .1. The width of the equivalent diagonal strut varies between, one-third to one-tenth of the diagonal length of masonry infill. (1969) are the first to propose the formula to find the width of the equivalent diagonal strut on the basis of beam on an elastic foundation. Most of the methods proposed later are generally based on this work. The column contact length, "αh", is related with the relative stiffness of the infill to frame by the approximate equation and beam contact length "αL" is taken approximately half of its span. The width "w"of the strut is given by θ Angle whose tangent is the infill height-to length aspect ratio, radians 4) Hendry (1998) introduced a parameter for contact length of beam member of the infilled frame "αL" in addition to the parameter for contact length in the case of column of the infilled frame "αh" given by, Where, λh is an empirical parameter expressing the relative stiffness of the column to the infill an is given by; And, Where, λL is an empirical parameter expressing the relative stiffness of the beam to the infill given as;
CALCULATION OF WIDTH OF EQUIVALENT DIAGONAL STRUT 1) Smith and Carter
Effective width of the equivalent diagonal strut "w" is calculated by, where, "λh" is an empirical parameter expressing the relative stiffness of the column to the infill and is given by, Assuming αL = αh, where αL is a parameter for contact length of beam member with the infill, the width "w" of the equivalent diagonal strut is given by A typical calculation is carried out to find the width of the equivalent diagonal strut which is same for both 2D RC frames with masonry infill in this study, using all the above methods and the results are tabulated in Table 5 .1. 
Parameters to find equivalent diagonal strut
Comparison Of Width Of Equivalent Diagonal Strut By Various Methods
The widths of the equivalent diagonal strut are calculated using all the five methods for different aspect ratios starting from 0.25:1.00 to 2.00:1.00, height to length of masonry infill keeping all the other parameters same, as shown in Ravi 0.332
COMPARISON OF RESULTS
1. The width of equivalent diagonal strut obtained using the formulations of all the five methods considered in this research work are tabulated in Table 6 .2.The aspect ratio of height to length is same for all the 2D RC frames and hence only one width of equivalent diagonal strut for each method is calculated for all the configurations in this research work. Table 6 .2, it can be observed that the values of the width of equivalent diagonal strut are almost same between the aspect ratios 0.50:1.00 to 1.75:1.00 (i.e. from 30o to 60o with respect to horizontal) with and without θ, hence "Sin 2θ" term can be neglected in all the methods when the aspect ratio varies between 0.50:1.00 to 1.75:1.00. Paulay and Priestley method is an exemption for this as no θ term exists in its formulation. Table 6 .3 width of the equivalent diagonal strut for different aspect ratio (mm) Figure 6 .1: Various Configurations of masonry infill in 2D RC frames 3. Natural frequencies obtained from FE analyses carried out on 2D RC frames modeling the masonry infill as plate elements and equivalent diagonal strut using the proposed formulation are compared with the shake table test results for 2D RC frames as shown in Table 6 .3 for various configurations of masonry infill as shown in Figure 6 .1. The plate elements due to its rigidity with the frame increase the stiffness in the frames and hence give large values of natural frequencies which is not true.The results obtained from the proposed method matches well with the shake table results.
4. In Table 6 .4 the natural frequencies obtained for 2D RC frames from the FE analysis using the formulations for calculating the width of equivalent diagonal strut by all the five methods are compared with the natural frequencies obtained by shake table tests. 
VII. Conclusions
Experimental and numerical studies are carried out on 2D RC frames under various configurations of masonry infill in addition to bare frames. The RC frames are designed and detailed as per the relevant Indian standard codes. A simple numerical method has been formulated to obtain the natural frequencies of RC frames with masonry infill in the FE analysis. Tri-axial shake table is used for the determination of natural frequencies experimentally. These results are compared with the empirical formulae given in national and international codes for finding the natural frequencies. The following are the major conclusions: 1. The masonry infills, although do not interfere in the vertical load resisting system for the RC frame structures, they significantly affect the lateral load-resisting system of the same. 2. For all the aspect ratios of height to length of masonry infill, Smith and Carter method gives the high value and FEMA gives the least value for the width of the equivalent diagonal strut. Whereas the methods proposed by Paulay and Priestley, Hendry and Ravi give intermediate values for the width. 3. Paulay and Priestley is the simplest of all the methods as its formulation is only 0.25 times the diagonal length of the masonry infill and do not give due considerations to the characteristics of the masonry infill. 4. In all the methods where "θ" is involved, the "Sin 2θ" term can be neglected when the aspect ratios varies from 0.5:1.00 to 1.75:1.00 height to length of masonry infill (angle of diagonal strut varying from 30o to 60o with respect to horizontal) . 5. The natural frequency of the structure with complete infill is significantly higher than the natural frequency of the bare framed structure. In most of the cases, the natural frequencies of the frames with complete infills are found to be around twice as that of the bare framed structures. 6. The FE analysis considering infill as plate elements with complete rigidity with the RC frames do not predict the natural frequency correctly due to the high stiffness offered by the elements. Hence, the numerical analysis can be done considering infill as strut member. 7. By comparing the results of 2B3SF & 1B3SF, 2B2S2 & 1B2S1, 2B3S & 1B3S it can be said that the natural frequency does not depend on the number of bays, whether it is bare, complete infill or infill with similar type of openings in the subsequent bays. Hence, the natural frequency of the structure is independent of the number of bays. 8. The reduction in the natural frequency is more, when the infill is removed in the lower floor as compared to the removal of infill in the upper floors as can be seen from the 2B3S5 & 2B3S and 2B3S3 & 2B3S4 tests. This is due to the contribution of infill towards the stiffness being more in the lower floors as compared to the upper floors. 9. Similarly, there is an increase in the natural frequency when the infill is removed from the upper floors as observed from 1B3S2A & 1B3S and 1B2S1 & 1B2S. From this we can conclude that the contribution of infill towards the mass being more in the upper floors as compared to the lower floors. 10. The natural frequencies and damping values both in 2D RC frames will be high in the presence of masonry infill. Hence the role of masonry infill in resisting the lateral forces like earthquake and wind is significant and has to be accounted during designing of the structures. 11. Indian code and Euro code which are similar to many international codes predicts with reasonable accuracy the natural frequencies of the bare RC frames. But these standards give less value of natural frequencies when the masonry infill exists. Indian code does not consider the position or amount of infill present in the structure, whereas Euro code gives importance to the masonry in the first storey but the results of the Indian code are better compared to Euro code. 12. The prediction of natural frequencies for 2D RC frames with masonry infill using the proposed formulation for the width of equivalent diagonal strut in FE analysis matches reasonably well with the shake table test results and is better compared to the results obtained using codal provisions.
